Ion-pair reversed-phase high-performance liquid chromatography online hyphenated to electrospray ionization mass spectrometry (ICEMS) represents an efficient method for the characterization of nucleic acids amplified by polymerase chain reaction (PCR). Since sample preparation is limited to PCR, the optimization of its solution conditions is of utmost importance for efficient mass spectrometric detection. The compatibility of a number of different commercially available PCR components including DNA polymerases, deoxynucleotide triphosphates, bovine serum albumin, enhancer, and ionic buffers was evaluated. These experiments revealed that higher concentration of enhancer and detergents such as Tween-20 or Nonidet P-40 impairs the mass spectrometric detection of nucleic acids and should be avoided within the PCR mixture. The optimized analytical platform was applied to the characterization of PCR products covering parts of the first hypervariable region of the noncoding mitochondrial control region. Truncated amplicons were detected attributable to the use of low quality primers. Furthermore, due to the proofreading activity of the applied polymerase system, mismatches between the primer and the target sequence located at the last or the second last base at the 3=-end of primers were corrected and detected within the corresponding amplicons. (J Am Soc Mass Spectrom 2006, 17, 124 -129)
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PCR is a cyclic reaction where a temperature-resistant DNA polymerase is used to specifically amplify a certain DNA segment framed by a pair of oligonucleotide primers with binding sites on opposite strands [7] . Besides the core components indispensable for DNA replication (polymerase, primers, deoxynucleotide triphosphates (dNTPs), and buffer) PCR solutions often contain a number of different additives, such as bovine serum albumin (BSA), PCR enhancers, nonionic detergents, and/or small concentrations of solvents like glycerol, dimethyl sulfoxide, or formamide. These auxiliary substances are added either to relieve amplification inhibition or to facilitate the efficient amplification of long or problematic templates like GC-rich sequences.
Even moderate concentrations of salts are known to detract from the ionization efficiency of nucleic acids and need to be removed (for a detailed discussion of this problem, please refer to references [1, 8, 9] . In this context, chromatography was shown to be one of the most efficient nucleic acid purification techniques available [9] . Due to the online hyphenation of chromatography to ESI-MS, the steps necessary to prepare genomic DNA samples for mass spectrometric analysis could be limited to PCR.
The aim of this study was to increase the knowledge about the effects of PCR-related parameters on the analysis of amplified nucleic acids by ICEMS. Chemical effects (ion suppression by coeluting detergents and PCR enhancers; truncated amplicons due to the use of low quality primers) as well as molecular biological effects (partially elongated primers; unexpected repair of primer-target sequence mismatches due to the proof-reading activity of the applied polymerase) were observed.
Experimental
Acetonitrile (HPLC gradient-grade) was obtained from Merck (Darmstadt, Germany). A stock solution (0.50 M) of butyldimethylammonium bicarbonate (BDMAB) was prepared by passing carbon dioxide gas (Air Liquide, Schwechat, Austria) through a 0.50 M aqueous solution of butyldimethylamine (Fluka, Buchs, Switzerland) at 5°C until pH 8.4 was reached. A stock solution (0.50 M) of butyldimethylammonium acetate (BDMAA) was prepared by titration of a 0.5 M solution of butyldimethylamine with acetic acid (Fluka) at 5°C until pH 8.3 was reached. For preparation of all solutions, HPLCgrade water (Merck) was used. PCR solution components (Table 1) were used at concentrations typically recommended by the manufactures.
A 61 base pairs (bp) long PCR product containing the Y-chromosomal locus M9 was amplified using the primers M9(Ϫ21)F and M9(ϩ39)R as described by Berger et al. [10] with the exception that AmpliTaq Gold DNA polymerase (AB, Applied Biosystems) was used instead of Advantage 2 Polymerase Mix (BD Biosciences Clontech).
A fragment of the human mitochondrial genome (nucleotide position (ntp) 16144 -ntp 16237: TGACCAC CTGTAGTACA TAA AAACCCA ATCCACATCA AAACCCCCTC CCCATGCTTA CAAGCAAGTA CAG-CAATCAA CCCTCAACTA TCACACA) was amplified from samples with known mitochondrial control region sequences [11] . PCR was performed in a Gene Amp PCR System 9700 (AB) using 20 l reactions comprising 1x BD Advantage 2 SA PCR Buffer (BD Biosciences Clontech), 500 nM each primer (5=-TGACCACCTG-TAGTACATAA-3=, 5=-TGTGTGATAGTTGAGGGTTG-3=), 200 M each dNTP, 1x BD Advantage 2 Polymerase Mix (BD Biosciences Clontech), and 2 ng total genomic DNA as template. Amplification comprised an initial denaturation step at 95°C for 2 min, 40 cycles of 15 s at 95°C, 30 s at 56°C, 60 s at 68°C, and a final extension step at 68°C for 20 min.
A fully integrated capillary HPLC system (Ultimate, LC-Packings, Amsterdam, The Netherlands) was used for all chromatographic experiments. A Famos micro autosampler (LC-Packings) was used for sample injections. The 60 ϫ 0.2 mm i.d. monolithic capillary column was prepared according to the published protocol [12] .
ESI-MS was performed on a QSTAR XL mass spectrometer (Applied Biosystems) equipped with a modified TurboIonSpray source [6, 13] . The exit of the capillary column was connected directly to the transfer line by means of a microtight union (Upchurch Scientific, Oak Harbor, WA). Mass calibration and optimization of instrumental parameters were performed in the negative ion mode as previously described [6, 13] . The spray voltage was typically in the range of 3.0 to 3.5 kV. Gas flows of 10 to 15 units (ion source gas 1) and 40 units (ion source gas 2) were employed. The temperature of ion source gas 2 was adjusted to 200°C. The accumulation time was set to 1 s and 10 time bins were summed up. Reconstructed ion chromatograms and mass spectra were recorded on a personal computer operating with the Analyst QS software (service pack 8 and Bioanalyst extension, Applied Biosystems).
Results and Discussion
The commonly applied method for sequencing nucleic acids was introduced by Sanger et al. and involves an enzymatic procedure to synthesize DNA chains of varying length by stopping the DNA replication at positions occupied by one of the four possible dideoxynucleotides (ddNTP), and then determining the resulting fragment lengths with electrophoretic methods [14] . Differentiation between the bases is achieved by labeling each of the ddNTPs with different fluorochromes. Alternatively, MS was shown to be a suitable analytical platform for sequence determination. Mass spectrometric sequencing is usually based on the measurement of characteristic mass differences between the components of DNA ladders obtained by enzymatic synthesis [15] or degradation [16] , respectively. In the course of the analysis of a PCR amplicon of the Y-chromosomal locus M9 (Figure 1 ), a ladder of incompletely elongated primers was obtained unintentionally. Almost the complete sequence between the two PCR primers was reconstructed by converting measured molecular mass differences into nucleotides (Figure 1a, c) . A few positions were missing, most probably due to ion suppression by coeluting species. It is important to note here that in the course of a recently published study [10] , where more than 90 different PCR products of the M9 locus were analyzed, not even for one sample the presence of a detectable amount of truncated amplicons was reported. Since nearly the same PCR conditions were applied-the use of AmpliTaq Gold DNA Polymerase including GeneAmp Buffer II ϩ MgCl 2 instead of the Advantage 2 Polymerase Mix together with the Advantage 2 Buffer represented the only exception-further experiments are necessary to unequivocally identify the experimental variable(s) responsible for the here described production of partially elongated primers. If the truncation becomes controllable, the mass spectrometric analysis of intentionally produced DNA ladders would represent a fast and direct access to sequence information enabling the characterization of unknown or unexpected sequence variations.
Besides partially elongated primers, other species coeluted with the single strands obtained from the amplification of the Y-chromosomal locus M9, which also suppressed the ionization of the PCR products (Figure 1b) . Hence, the signal-to-noise ratio was lower than expected, even though 5.0 l of PCR solution had been analyzed. The origin of these interfering ions was quite obvious. Due to the magnitude of the measured molecular masses, among all different components of the PCR solution only the detergent, which was part of the used polymerase mixture (AmpliTaq Gold, Applied Biosystems), came into closer consideration. To prove this hypothesis, the compatibility of a number of commercially available PCR solution components with ICEMS were examined ( Table 1) . As expected, any putative PCR component which contained detergents such as Tween-20 or Nonidet P-40 was incompatible with ICEMS. Accordingly, the use of such PCR solution additives should be avoided (Table 1) . Especially those buffer systems that were developed for the optimal processing of proofreading polymerases (Pfx and Pfu polymerases) showed high interference due to the comparably higher content of detergents. Besides for detergents, spectral interference was also observed for betaine, which is often used to increase the efficiency and specificity of DNA polymerases, regardless of amplicon length and composition. Among all tested PCR solution components, best PCR and ICEMS results were guaranteed by using a mixture of Advantage 2 Polymerase Mix (BD Biosciences Clontech), Advantage 2 SA Buffer (BD Biosciences Clontech), BSA (Sigma), dNTP Mixture (Roche), primers, template DNA, and water.
Optimized PCR solution conditions were applied to the amplification of a fragment of the human mitochondrial genome. PCR products covering the sequence between ntp 16144 to ntp 16237 were prepared and analyzed. Amplicons were chromatographically purified by using a gradient of acetonitrile in 25 mM BDMAA (pH 8.3), thermally denatured into the corresponding single strands, and detected by ESI-MS. The molecular masses were measured with high-performance on the applied time-of-flight mass spectrometer. The molecular mass deviations were typically below 50 ppm.
The amplified region was highly polymorphic. A total number of 22 different polymorphic sites were found by sequencing of the used sample set comprising of 90 unrelated individuals [11] . Furthermore, this part of the mitochondrial DNA often contains a homopolymeric tract of cytosines between ntp 16184 and 16193, where length polymorphisms are frequently observed. Usually, the mononucleotide stretch is interrupted at position 16189 by a thymidine residue and is stable. Instability is introduced by the commonly observed 16189C variant. Slippage of the DNA polymerase during replication is considered to be responsible for the occurrence of multiple mitochondrial DNA species within a single individual (ϭ heteroplasmy) differing in the number of lined up cytosines [17] .
The deconvoluted mass spectrum obtained from the analysis of a DNA sample lacking any difference to the revised Cambridge reference sequence (rCRS) is shown in Figure 2a . Six different single stranded species were detected. The highest signal intensities were observed for the blunt-ended amplicons. Additionally, signals originated from the nontemplate addition of 2=-deoxynucleotides to the two single strands were found. Unexpectedly, also species, which were one nucleotide shorter than the target sequences, were identified. Since in the forward strand 2=-deoxyadenosine and in the reverse strand 2=-deoxythymidine were missing, we concluded that the elongation of a truncated reverse primer was the source of these amplicons. A quality control of the reverse primer proved this hypothesis. Within a solution of the reverse primer a high amount of failure sequences (more than 50% of the total oligonucleotide amount) was observed.
Some polymorphisms in the target sequences were located within the annealing region of the primers. The resulting mismatches between the primer and the target sequences accounted for some unexpected analysis results. In one sample, the mismatch was located at position 16162, which is the last except one base at the 3=-end of the forward primer. In the deconvoluted mass spectrum (Figure 2b ) two different alleles were detected, although only one distinct DNA species was really present in the sample. Based on the measured molecular masses, one allele was assigned to the rCRS and the second to a sequence differing from the rCRS by the exchange of an A Ͼ G. We believe that the small amount of proofreading polymerase present within the Advantage 2 Polymerase Mix (BD Biosciences Clontech) partially corrected the mismatch within the primer sequence, yielding a detectable amount of "mutated" amplicons. Without the observed proofreading activity, no alteration within the sequence of the PCR products relative to the rCRS would have been observed.
In a similar way, the proofreading activity was responsible for the detection of a polymorphism at position 16163, which is the last base at the 3=-end of the forward primer. For a sample having three polymorphisms at positions 16163, 16186, and 16189, respectively, one allele was identified by ICEMS (Figure 2c ). Since the position 16163 was located within the primer region and the mass shifts of the two other polymorphisms compensated each other (C16186T and T16189C) molecular masses perfectly matching the rCRS were expected. However, the measured molecular masses did not match the corresponding theoretical masses. Mass deviations indicating the presence of an A Ͼ G exchange were observed. We concluded that the proofreading polymerase completely corrected the mismatch between the 3=-end of the primer and the target sequence.
All other mismatches between the target and primer sequences did not induce any unexpected alteration within the sequences of the PCR products. The mismatches just reduced the annealing efficiency of the primer and decreased the amplification yield. For example, the signal intensities in the deconvoluted mass spectrum obtained from a sample containing polymorphic sites at positions 16145 and 16231 were 30% lower than the intensities obtained from a sample without any mismatch.
Among the 90 investigated individuals, length heteroplasmy was detected in eleven samples. In each case, ICEMS suggested and sequencing proved the presence of a T Ͼ C transition at position 16189. A typical deconvoluted mass spectrum obtained from the analysis of a length heteroplasmic samples is shown in Figure  2d . In this case, five different length variants were identified.
Conclusions
ICEMS represents an elegant way for the mass spectrometric characterization of sequence variations since PCR represents the solely necessary step to prepare genomic DNA samples for the analysis. In this report, the compatibility of a number of commercially available PCR solution components with ICEMS was evaluated.
Best mass spectrometric detection was guaranteed with solutions lacking any kind of detergent or PCR enhancer. In addition to chemical effects, molecular biological effects were observed. Specifically, the introduction of unexpected alterations within the sequences of PCR products due to partial or complete correction of mismatches between primer and target sequences by proofreading polymerases are important to note since this type of polymerase is widely used in mass spectrometric DNA analysis to generate blunt-ended PCR amplicons [18, 19] . Hence, a thorough check of the target sequence for the presence of any polymorphic site within the primer regions in advance of genotyping or the use of protected primers (locked or peptide nucleic acids) to prevent the occurrence of misleading results is recommend.
